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ABSTRACT 

In this research, a multi-response optimization based on Taguchi methodis proposed for friction stir welding (FSW) 
process for (2024-T3) aluminium alloy. Three different shoulder diameters of tools with tapered pin geometry of (12, 14 
and 14 mm) with variable rotation speed (710, 1000 and 1400 rpm) and welding speed of (40, 56 and 80 mm/min), three 
different tilting angle of (1, 2 and 3 degree) and three welding direction of (1, 2 and 3 passes). The results of this work 
showed the single optimization by using (Taguchi method) at the optimum condition for toughness were 
(124.1 1 AMPa.m 1 ' 2 ) at: shoulder diameter (14 mm), rotation speed (1400 rpm), linear speed (40 mm/min), tilting angle (3 
degree) and welding direction (3 passes); and for bending strength were (7.62 MPa) at: shoulder diameter (14 mm), 
rotation speed (1400 rpm), linear speed (56 mm/min), tilting angle (3 degree) and welding direction (3 passes). The 
results of multi-response optimization for (FSW) process at the optimum condition for toughness and bending strength 
were (100.78 MPa.m 1/2 ) and (7.68 MPa), respectively; at the parameters: shoulder diameter (14 mm), rotation speed 
(1400 rpm), linear speed (56 mm/min), tilting angle (3 degree) and welding direction (3 passes). 
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INTRODUCTION 

Some alloys of aluminium are not considered weldable by commercial methods and are generally used with riveted 
construction. The most extensive application of these alloys such as (2xxx) alloys usually has been in the aircraft 
industry [1-3]. Friction stir welding can be used as a solid-state welding to joinaluminum sheets and plates without 
any filler wire or shielding gas use. All series of aluminum alloys have been successfully friction stir welded [4-6]. 
The aluminum alloys of (2xxx) series are practically unweldable because the formation ofaluminium-copper 
intermetallic in weld metal makes them brittle. It is undesirable, using fusion weldingprocesses if attempts are made 
to weld them because of the tendency to the crackformation, even though theuse of the (Al-12 % Si) filler may 
sometimes give acceptable results. Solid state techniques, such as friction stir welding may provide some success 
[7-10]. The weldability of (AA2024) by conventional fusion welding practices is limited. Also, (AA2024) is more 
sensitive to cracking during conventional welding than other aluminium alloys [11, 12]. S. A. N. J. Reddy et al. [13] 
discussed the mechanical and corrosion properties of friction stir welded (7475-T761) aluminium alloy. The 
optimization process using Box Behnken Method of the process parameters was done with a minimum number of 
trials. They concluded that the box behnken method had optimized the process parameters giving high joint 
efficiency. S. Verma et al. [14] studied the friction stir welding (FSW) of (7039) aluminium alloy. The trails are 
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designed according to central composite design of response surface methodology (CCD-RSM). The optimization process 
has been done using desirability analysis. They concluded that the modelling was successfully done using the optimization 
process and the joint efficiency of the optimum condition is higher than that of the strength of the base material. There are 
some researches have been done to discuss the single and multiple optimization process using different methodes, no 
studies in the lirature review have been particularly concerned with multiple optimization of (FSW) process using fuzzy 
logic based desirability approach (mamdani method). 

The Taguchi Method 

The Taguchi principle is most important method as compared with the other experimental design methods. Most 
limitations of this method are used for one single response only. Only main the control factors and the interactions between 
them are considered. In general, the Taguchi principle include, two important factors: (the control factor) and (the noise 
factor) which are usually used to study the effect of responses. The input factors are used to select the appropriate 
conditions for (FSW) process, whereas the noise parameters denote, all parameters that cause negative effects. Usually, the 
(S/N) ratio is determining for evaluating the single and multiple effect of the parameters and the maximum value can be 
used as optimum value [15-17]. 

According to the quality outcomes, the (Taguchi) principle is divided into three major parts: the (Nominal-the- 
Better (NB)), the (Larger-the-Better (LB)) and the (Smaller-the-Better (SB)). Taguchi’s (S/N) ratio is the logarithmic 
functions of desired output. It is taken as the objective function for optimization. The (S/N) ratio depends on the quality 
characteristic of the (process / product) to be optimized. The (S/N) ratios are used according to the desired specification as 
follows [18, 19]: 

Higher the better:(S/N) = -10 log (-^) (1) 

where, i = (1 to n), yi = observed response value at each trail, n = number of observations in each trail, 

Analysis of Variance (ANOVA) 

The main objective of (ANOVA) is to determine which (FSW factors) significantly affect the quality characteristic. This is 
can be carried out by separating the total variations of the positive attributes, which is determined by the summation of the 
squared deviations from the total average of the positive attributes, into contribution percentage by each (FSW factors) and 
the error, as equations [20, 21]: 

SS T = SS F + SS e (2) 


where, 

SSt = I;=i 60 ' - Ym) 2 (3) 

Where; SS T : Total squared deviations summation about the average, y ; - : Average response for the (j th ) 
experiment, y m \ Total average of the response, p: Number of experiments in the (Taguchi) array, SS F : Summation of 
squared deviations due to each parameter, SS e : Summation of squared deviations due to error. The percentage of 
contribution (P) can be calculated as [22]: 
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Multi-Objective Optimization Using Hybrid Approach (Desirability-Fuzzy Taguchi Experimental Design) 


There are a lot of statistical methods for solving multiple response problems like constrained optimization problems, 
overlaying the contours plot for each response, and desirability approach. The desirability method is favoured due to its 
simplicity and availability in the software and gives flexibility in weighting and giving value for individual response. 
Solving these multiple response optimization problems by applying this technique includes combining multiple responses 
into a dimensionless value of performance named the multi-performance index (MPI). In this research, the individual- 
desirability of all response (toughness and bending strength) is calculated with the following equation [23]: 


di = 


0 y t < y/(min) 

y .(max"-y,(min) )r ^ yi(min) “ Y ' “ Yi(maX) 


(5) 


Weights are used to provide more importance on the upper/lower bounds or to highlight the target value. Weights 
can be extended between (0.1 and 1); a weight higher than (1) provides more importance on the goal, while weights less 
than (1) give less importance. The normalizing properties were determined according to the selection of quality 
characteristic of (toughness and bending strength) are larger the better. 


Experimental Setup 

A vertical milling machine was used to weld the joints of similar (AA2024-T3)aluminum alloys. Figure 1 shows the 
arrangement of (AA2024-T3) plates on the machine during a welding process. Aluminum alloy plates with dimensions 
of(200 x 100 x 3.5mm) were used to makea butt joints. The tools rotate perpendicular to the longitudinal plate surface that 
made of high-speed tool steel (HSS) with tapered pin profile, as in figure 2. 



Figure 1: Arrangement of (2024-T3) Aluminum Alloy Plates. 


www.tivrc.ors 


SCOPUS Indexed Journal 


editor @tjprc. org 








1114 


Dr. Abbas Kh. Hussein , Dr. Laith K. Abbas & Ahmed A. Seger 



Figure 2: Fabricated Tool. 

The test of chemical compositions and mechanical properties of alloy were done in Department of Materials 
Engineering / University of Technology / Baghdad / Iraq, as shown in table 1 and table 2. 

Table 1: Chemical Composition of (AA2024-T3) 


Aluminum alloy (%) 

Si 

Fe 

Cu 

Mn 

Mg 

Cr 

Zn 

Ti 

A1 

2024-T3 

0.677 

0.429 

0.309 

0.0672 

0.872 

0.2 

0.0132 

0.112 

Rem. 


Table 2: Mechanical Properties of (AA2024-T3) 


Aluminum alloy (%) 

Toughness (MPa.m 172 ) 

Bending strength (MPa) 

2024-T3 

125.59 

7.65 


The tensiletest specimens were cut perpendicular to the welding direction according to (ASTM B 557M - 02a) 
standard [24], as illustrated in figure 3. The bending test specimens were cut according to (ASTM B 209 - 96) [25]. In this 
work, toughness was obtained by using (MATLAB) software, by calculating the area under the stress-strain curve. The 
data resulted from tensile test were imported to the (MATLAB) program to determine the tensile toughness for each 
sample. The fractured samples of tensile and bending tests are shown in figure (4). 



7 

c 

A 



Dimensions, mm 


Standard Specimen Sheet-Type 

12.5 mm Wide 

Subsize Specimen 6 mm Wide 

G —Gage length 

50.00± 0.10 

25.00 ± 0.10 

W —Width (Note 1 and Note 2) 

12.50± 0.05 

6.01 ± 0.05 

7—Thickness (Note 3) 

thickness of material 

thickness of material 

R —Radius of fillet, min 

12.5 

6 

/.—Overall length, min (Note 4) 

200 

100 

A —Length of reduced section, min 

57 

32 

B —Length of grip section, min (Note 5) 

50 

30 

C—Width of grip section, approximate (Note 2 and Note 6) 

20 

10 


Figure 3: Standard Dimensions of Tensile Test Specimens [25]. 
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Figure 4: (a and b) Tensile and Bending Fractured Specimens, Respectively. 


RESULTS AND DISCUSSIONS 

Single-Objective Optimization of Toughness and Bending Strengthusing Taguchi Method 

The experimental work was done using Taguchi method. The number of levels and the parameters of (FSW) process are 
given in table (3), where the (L 27 ) array of Taguchi design was used. The (S/N) ratios for toughness and bending strength 
can be obtained according to the criterion (the larger-the better) using the equation (1). The design array, including tests’ 
values and (S/N) ratios of toughness and bending strength are shown in table 4. 

Table 3: Process Parameters and their Levels. 


Factor 

Factor code 

Levels 

1 

2 

3 

Shoulder diameter (mm) 

A 

12 

14 

16 

Rotation speed (rpm) 

B 

710 

1000 

1400 

Linear speed (mm/min) 

C 

40 

56 

80 

Tilting angle (0°) 

D 

1 

2 

3 

Welding direction (Pass) 

E 

1 

2 

3 


Table 4: The Orthogonal Array, Experimental Results and (S/N) Ratios of Toughness and Bending Strength 


No. 

Shoulder 

Diameter 

(mm) 

Rotation 

Speed 

(rpm) 

Linear 

Speed 

(mm/min) 

Tilting 

Angle 

(0°) 

Welding 

Direction 

(Pass) 

Toughness 

(MPa.m 1/2 ) 

Bending 

Strength 

(MPa) 

(S/N) 
Ratios of 
Toughness 

(S/N) 
Ratios of 
Bending 
Strength 

1 

12 

710 

40 

1 

1 

9.1624 

0.56 

19.2402 

-5.0362 

2 

12 

710 

40 

1 

2 

9.4378 

0.65 

19.4974 

-3.7417 

3 

12 

710 

40 

1 

3 

9.7763 

0.75 

19.8035 

-2.4988 

4 

12 

1000 

56 

2 

1 

9.5647 

1.67 

19.6134 

4.4543 

5 

12 

1000 

56 

2 

2 

9.7999 

1.75 

19.8244 

4.8608 

6 

12 

1000 

56 

2 

3 

11.1936 

1.88 

20.9794 

5.4832 

7 

12 

1400 

80 

3 

1 

16.4087 

4.30 

24.3015 

12.6694 

8 

12 

1400 

80 

3 

2 

18.9971 

4.41 

25.5737 

12.8888 

9 

12 

1400 

80 

3 

3 

23.1640 

4.62 

27.2963 

13.2928 

10 

14 

710 

56 

3 

1 

11.7599 

4.50 

21.4081 

13.0643 

11 

14 

710 

56 

3 

2 

15.3009 

4.70 

23.6943 

13.4420 

12 

14 

710 

56 

3 

3 

19.9961 

4.80 

26.0189 

13.6248 

13 

14 

1000 

80 

1 

1 

14.4932 

4.74 

23.2233 

13.5156 

14 

14 

1000 

80 

1 

2 

20.1300 

4.85 

26.0769 

13.7148 

15 

14 

1000 

80 

1 

3 

27.4716 

4.90 

28.7777 

13.8039 

16 

14 

1400 

40 

2 

1 

35.3561 

6.75 

30.9693 

16.5861 
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Table 4: Contd., 

17 

14 

1400 

40 

2 

2 

37.2887 

6.80 

31.4315 

16.6502 

18 

14 

1400 

40 

2 

3 

41.6533 

6.85 

32.3930 

16.7138 

19 

16 

710 

80 

2 

1 

1.6243 

0.35 

4.2133 

-9.1186 

20 

16 

710 

80 

2 

2 

2.5600 

0.45 

8.1648 

-6.9357 

21 

16 

710 

80 

2 

3 

4.6667 

0.50 

13.3802 

-6.0206 

22 

16 

1000 

40 

3 

1 

81.1171 

7.55 

38.1822 

17.5589 

23 

16 

1000 

40 

3 

2 

89.2164 

7.58 

39.0089 

17.5934 

24 

16 

1000 

40 

3 

3 

100.7625 

7.60 

40.0660 

17.6163 

25 

16 

1400 

56 

1 

1 

26.0689 

6.55 

28.3225 

16.3248 

26 

16 

1400 

56 

1 

2 

32.0039 

6.62 

30.1041 

16.4172 

27 

16 

1400 

56 

1 

3 

36.2115 

6.73 

31.1769 

16.5603 


Response graph method gives the output of interest to be optimized, i.e., minimize, maximize, targeted, etc. The 
output can be larger than one and also it can be quantitative or qualitative. The factor effect of a parameter at any level is 
calculated by obtaining the mean of each (S/N) ratio at the same level. The graphical illustrations of factors influence at 
different levels are shown in figure (5) and figure (6) for toughness and bending strength, respectively. 


Main Effects Plot for (S/N) ratios of Toughness 
Data Means 



Figure 5: (S/N) Values of Toughness for Aluminum Alloy (2024-T3) Joints. 


Main Effects Plot for (S/N) ratios of Bending Strength 
Data Means 



Figure 6: (S/N) Values of Bending Strength for Aluminum Alloy (2024-T3) Joints. 
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The optimum toughness and bending strength values are at the higher (S/N) ratios in the response graphs. The 
optimum condition for toughness and bending strength become (A2B3C1D3E3) and (A2B3C2D3E3), respectively for 
main control factors, where the symbols(A, B, C, D and E) were explained in table (3). 

Once the optimum parameters had been determined, the optimum performance of the response (toughness) at 
these parameters can be predicted. The predicted (S/N) ratio of toughness at optimum condition was calculated by adding 
the mean performance to the contribution of each parameter at the optimum level using the equation (6), as following: 

c opt = c m + zUc i -£J (6) 

Where :£ m - is the total (S/N) ratio, mean (S/N) ratio at optimum level, ( q ): the number of process parameter 
having significant contribution in performance characteristics. 

The predicted results of toughness at the optimum condition are presented in table (5). The final step of the single 
optimization process was the confirmation test, where the quality characteristics of the toughness can be obtained by 
applying the confirmation test within the optimum condition (A2B3C1D3E3). Table (6) shows the predicted and actual 
results at optimum level of each parameter to achieve the highest value of toughness. There are a good agreement between 
the predicted and experimental results of toughness. 

Table 5: Predicted Results of Toughness at the Highest (S/N) Values 

Taguchi Analysis: Toughness versus shoulder diameter, rotation 
speed, linear speed, tilting angle and welding direction 

Predicted values 

S/N Ratio Mean 
45.7341 121.4528 

Factor levels for predictions 

Shoulder Rotation Linear Tilt Welding 

Diameter Speed Speed Angle Direction 

(eats) (rpm) (mm/min) (6 n ) (Pass) 

14 1400 40 3 3 


Table 6: The Predicated and Actual Values of Toughnessat the Optimum Condition 


Toughness 

Toughness 

(predicted) 

(actual) 

Mean 

S/N 

Mean 

S/N 

121.4528 

45.7341 

124.1740 

48.0660 


The optimum process condition 


A2B3C1D3E3 

The predicted results of (S/N) ratio and mean of bending strength at optimum condition are calculated using the 
equation (6), as shown in table 7. The confirmation test of bending strength was carried out at the optimum condition 
(A2B3C2D3E3), as shown in table 8. The optimization process for bending test is successfully done using the method of 
Taguchi. According to these comparisons, the predicted and experimental values are in good agreement. 
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Table 7: Predicted Results of Bending Strength at the Highest (S/N) Values 

Taguchi Analysis: Bending strength versus shoulder diameter, rotation 
speed, linear speed, tilting angle and welding direction 

Predicted values 

S/N Ratio Mean 
28.422G 8.75563 


Factor levels for predictions 


Shoulder 

Rotation 

Linear 

Tilt 

Welding 

Diameter 

Speed 

Speed 

Angle 

Direction 

(nun) 

(rpm) 

(mm/min) 

(O') 

(Pass) 

14 

1400 

56 

3 

3 


Table 8: The Predicted and Actual Values of Bending 
Strength at the Optimum Condition. 


Bending strength (predicted) 

Bending strength (actual) 

Mean 

S/N 

Mean 

S/N 

8.7996 

28.422 

7.62 

22.753 


The optimum process condition 


A2B3C2D3E3 

(ANOVA) was used to analyse the effect of the parameters for each of toughness and bending strength, 
separately, as shown in table 9 and table 10 for toughness and bending strength, respectively. 


Table 9: Analysis of Variance (ANOVA) for Toughness 

General Linear Model: Toughness versus shoulder diameter, rotation 
speed, linear speed, tilting angle and welding direction 

Analysis of Variance 


Source 

DF 

Adj SS 

Adj MS 

F-Value 

F-Value 

Shoulder Di are ter {nan) 

2 

3658.3 

1345.41 

201.27 

0.000 

Rotation Speed (rpm) 

2 

4476.7 

2233.37 

243.60 

0.000 

Linear Speed (mm/min) 

2 

5225.5 

2612.54 

234.36 

0.000 

lilt Angle (6°) 

2 

3242.6 

1621.32 

176.45 

0.000 

Welding Direction (Pass) 

2 

265.3 

134.67 

14.66 

0.000 

Error 

16 

147.0 

5.15 



Total 

26 

17060.5 





Table 10: Analysis of Variance (ANOVA) for Bending Strength. 

General Linear Model: Bending strength versus shoulder diameter, 
rotation speed, linear speed, tilting angle and welding direction 

Analysis of Variance 


Source 

DF 

Adj SS 

Adj MS 

F-Value 

P-Value 

Shoulder Diameter (mm) 

2 

50.750 

25.3745 

11676.53 

0.000 

Ro tation Speed ( rpm) 

2 

77.155 

33.5577 

17761.20 

0.000 

Linear Speed (mm/min) 

2 

14.454 

7.2470 

3334.31 

0.000 

Tilt Angle (0 D ) 

2 

25.354 

14.5472 

6373.14 

0.000 

Welding Direction (Pass) 

2 

0.153 

0.0765 

35.22 

0.000 

Error 

16 

0.035 

0.0022 



Total 

26 

172.522 
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From (ANOVA) table, the percentage of contribution of each parameter for toughness and bending strength can 
be obtained using the equation (4), as shown in figure 7 and figure 8 for toughness and bending strength, respectively. 


Contribution percentage (%) of toughness 





& 






control factors 


■ Contribution 
percentage (%) 


Figure 7: Percentages of Contribution of Toughnesslevels. 


Contribution percentage (%) of bending strength 

[VALUE] % 


[VALUE] % 



[VALUE] % 


control factors 


i Contribution 
percentage {%) 


Figure 8: Percentages of Contribution of Bending Strengthlevels. 


Multi-Objective Optimization using Hybrid Approach (Desirability- Fuzzy Taguchi Experimental Design) 

There are many statistical techniques for solving multiple response problems like overlaying the contours plot for each 
response, constrained optimization problems, and desirability approach. The desirability method is preferred due to its 
simplicity and availability in the software and provides flexibility in weighting and giving importance for individual 
response. Solving such multiple response optimization problems by using this technique involves combining multiple 
responses into a dimensionless measure of performance called the multi-performance index (MPI). The individual 
desirability of each response (toughness and bending strength) was calculated using the equation (5). Weights were used to 
give more emphasis on the (upper/lower) bounds or to emphasize the target value. Weights can be ranged between (0.1 and 
1); a weight greater than (1) gives more emphasis on the goal, while weights less than (1) gives less emphasis. An equal 
weight was given to all responses. The individual desirability was calculated for all the responses depending upon the type 
of quality characteristics, as shown in table (4). 
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Fuzzy Logic Proposed Model 

In this work, a (Fuzzy Inference System - FIS) of (Mamdani) type was used to develop (membership function - MF) for 
input and output parameters. Matlab tool box software was used to obtain (MF) value using fuzzy operations, known as 
max-min reference method used for making of fuzzy rules. Mamdani received all the individual normalized values of 
desirability as input and (multi-performance index - MPI) values as output which were generated according to the (MF) 
and fuzzy rules. The important steps involved in creation of fuzzy model are:fuzzification, fuzzy rules and defuzzification. 

Fuzzification is used to convert the input crisp values (crisp values are exact inputs: toughness and bending 
strength values) into imprecise (MF) such as small, medium, large, etc. Typically, the range of value is from (0 to 1). 
Triangular (MF) and fuzzy rules were established as (low, medium and large). The low value and high value of the triangle 
were taken by equal intervals before and after the medium value. The output parameters were changed to a two input 
parameter, where the two parameters are kept at different levels, which were three fuzzy subsets such as small (S), medium 
(M) and large (L), which was assigned to inputs (normalized output responses). The (MF) for input parameters is 
illustrated in figure 9 and figure 10 and figure 11 for the output (MPI). 



Figure 9: Membership Plot for Input Parameter of Toughness. 



Figure 10: Membership Plot for Input Parameter of Bending Strength. 
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Figure 11: Membership Plot for Output (MPI). 

The next stage is making a relationship between the two inputs and the one output that were represented in the 
form of (if-then) control rules. Fuzzy rules were directly derived based on the fact that (larger the-better). The output was 
assigned to the five fuzzy subsets such as very small (VS), small (S), medium (M), large (L) and very large (VL) that were 
assigned to (MPI). 

Defuzzification stage is involved the conversion of fuzzy output into a crisp value. Centroid of area is the most 
widely used defuzzification method, so it was used in this work. Thus, straightaway (27) fuzzy rules were selected 
according to the higher (S/N) ratio is the better. By giving the (max-min) inference operation, the output of fuzzy operation 
was produced from the (27) rules. The multiple responses were the larger (MPI) the better. The experimental results of the 
(MPI) are shown in table (11). The problem of multiple optimization had been converted to a single-objective optimization 
by using the analysis of fuzzy logic. 

The (S/N) ratios for (MPI) have been calculated. Suitable (S/N) ratio must be chosen. It is possible to choose the 
(S/N) ratio depending on the aim of the design. In this study, the (S/N) ratio was selected according to the criterion the (the 
larger is the better), in order to maximize the responses. The (S/N) ratio for the response was calculated using the equation 
(1). The Taguchi (L 27 ) with (MPI) and (S/N) ratios are shown in table (11). As shown in figure (12), the main effects plot 
(S/N) ratio was plotted for (MPI). In this plot, the x-axis indicates the value of each process parameters at three levels and 
the y-axis indicates the (S/N) ratio value. Horizontal line indicates the mean value of the (S/N). Optimal (FSW) parameters 
setting were (A2B2C1D3E3), where the symbols(A, B, C, D and E) were explained in table (3). 


Table 11: The Taguchi (L 27 ) with (MPI) and (S/N) Ratio 


No. of Exp. 

Desirability Fuzzy-Grade 
(Multi-Performance Index - MPI) 

(S/N) ratio for (MPI) 

1 

0.141 

-17.0156 

2 

0.157 

-16.0820 

3 

0.172 

-15.2894 

4 

0.24 

-12.3958 

5 

0.242 

-12.3237 

6 

0.246 

-12.1813 

7 

0.562 

-5.0053 

8 

0.572 

-4.8521 

9 

0.596 

-4.4951 
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Table 11: Contd., 

10 

0.604 

-4.3793 

11 

0.608 

-4.3219 

12 

0.616 

-4.2084 

13 

0.614 

-4.2366 

14 

0.622 

-4.1242 

15 

0.625 

-4.0824 

16 

0.625 

-4.0824 

17 

0.625 

-4.0824 

18 

0.629 

-4.0270 

19 

0.08 

-21.9382 

20 

0.108 

-19.3315 

21 

0.121 

-18.3443 

22 

0.756 

-2.4296 

23 

0.787 

-2.0805 

24 

0.92 

-0.7242 

25 

0.625 

-4.0824 

26 

0.625 

-4.0824 

27 

0.625 

-4.0824 


For analyzing the significant effect of the process parameters on the response parameters, (ANOVA) was used. 
Table (12) shows the output of (ANOVA) analysis for (MPI), the table indicated the significance value of various input 
parameters. The contribution percentages of each control factor of (FSW) process for aluminum alloy (AA2024-T3) joints 
are shown in figure 13. 



Figure 12: The Main Effects for (S/N) Ratio. 


Table 12: Analysis of Variance (ANOVA) of (MPI) Values 

General Linear Model: Desirability Fuzzy-Grade (MPI) versus shoulder 
diameter, rotation speed, linear speed, tilting angle and welding direction 

Analysis of Variance 


Source 

DF 

Adj 55 

Adj MS 

F-Value 

P-Value 

Shoulder Diameter (mn) 

2 

0.3S8S5 

0.15S456 

265.66 

0.000 

Rotation Speed (rpm) 

2 

0.53488 

0.267440 

356.13 

0.000 

Linear Speed (mm/min) 

2 

0.04662 

0.023312 

31.04 

0.000 

Tilt Angle (8 D ) 

2 

0.54072 

0.270358 

360.02 

0.000 

Welding Direction (Pass) 

2 

0.0053O 

0.002652 

3.53 

0.054 

Error 

16 

0.01202 

0.000751 



Total 

26 

1.53853 
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Figure 13: Contribution Percentage of each Control Factor of (FSW) Process for 
Aluminum Alloy (AA2024-T3) Joints. 


Confirmation Test 

The comparison between the initial level and the optimum level (A2B3C2D3E3) is large. The value of toughness and 
bending strength at this optimum level were found to be (100.78 and 7.68), respectively, after conducting the confirmation 
run to verify the results, as shown in table (13). The results of confirmation test showed that the quality characteristics 
(toughness and bending strength) had been improved considerably. 


Table 13: Results of Confirmation Experiment for Multi-objective Optimization 



Initial 

Optimized 

Factor level 

A1B1C1D1E1 

A2B3C2D3E3 

Toughness (MPa.m 1/2 ) 

9.1624 

100.78 

Bending Strength (MPa) 

0.56 

7.68 


Characterization of Welded Samples 

As mentioned, the optimum condition is (A2B3C2D3E3)“ i.e. shoulder diameter (14 mm), rotation speed (1400 rpm), 
linear speed (56 mm/min), tilting angle (3°) and welding direction (3 passes)” were the best suitable to obtain a better 
joints. The reasons behind the suitability of these parameters were that these parameters provided intense stirring of the 
material due to the proper shoulder diameter which generated good amount of heat to increase the ability of material to be 
mixed easily, and the high rotation speed with moderate linear speed helped the material to be mixed completely, as well as 
the tilting angle (3°) was permitted the material to be mixed freedomly, and the three passes of welding helped to fill the 
voids and cracks that which could have existed during (FSW) process. These reasons led to finer grain structure and thus 
hightoughness and bending strength. 

The microstructures of the cross-section for welded sample of (AA2024-T3 to AA2024-T3) at the optimum 
condition are shown in figure 14. At the nugget zone, there was fine equiaxed grains. The grain size was changed by the 
strain rate and the heat input. From the experimental results, the finer grain size was produced by the higher heat input. 
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Figure 14: Microstructure of the Welded (AA2024) at The Optimum Condition “Shoulder Diameter (14 
Mm), Rotation Speed (1400 Rpm), Linear Speed (56 Mm/Min), Tilting Angle (3°) and Welding Direction 

(3 Passes)”. 


Scanning electron microscope (SEM) was used to characterize the fracture surface of (FSW) specimens after 
tensile testing. Fracture surface of the base material (AA2024-T3) after tensile testing, as observed under (SEM), is shown 
in figure 15. Fine equiaxed dimples and hemispherical micro-voids were observed on the fractured surface. This indicated 
that the ductile failure occurred in the base material under tensile loading. 



Figure 15: (SEM) Image of the Welded (AA2024) at the Optimum 
Condition“Shoulder Diameter (14 Mm), Rotation Speed (1400 Rpm), Linear Speed 
(56 Mm/Min), Tilting Angle (3°) and Welding Direction (3 Passes)”. 

(XRD) analysis results for parent alloy and (FSW) material were identical, and this indicated that there was no 
element depletion throughout (FSW) processes in this work. This result was however, expected because (FSW) was a 
solid-state process, and frequently, temperature throughout the joint was not high enough to induce phase transformation. 
Actually, this asserted what had been aforementioned just now. The (XRD) analysis is shown in figure 16. 
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Figure 16: (XRD) Analysis Pattern of the Welded (AA2024) Aluminum Alloy at the Optimum 
Condition“Shoulder Diameter (14 Mm), Rotation Speed (1400 Rpm), Linear Speed (56 Mm/Min), 

Tilting Angle (3°) and Welding Direction (3 Passes)”. 

Energy dispersive spectroscopy (EDS) test was done using higher magnification of inspection for the joint of 
(AA2024-T3 with AA2024-T3) of nugget zone (NZ) at the optimum condition. The (EDS) test and line scanning 
represented many elements in the nugget zone (Si, Fe, Cu, Mn, Mg, Cr, Zn, Ti and Al-rem.), as shown in figure (17) and 
figure (18), respectively. Figure (19) shows the mapping of the presence elements and their distribution in the nugget zone. 



Figure 17: (EDS) Inspection for Similar Joint of (AA2024-T3 with AA2024-T3) for Nugget 
Zone at the Optimum Condition “Shoulder Diameter (14 Mm), Rotation Speed (1400 
Rpm), Linear Speed (56 Mm/Min), Tilting Angle (3°) and Welding Direction (3 Passes)”. 



Figure 18: Line Scanning for Similar Joint of (AA2024-T3 With AA2024-T3) for Nugget Zone 
at the Optimum Condition “Shoulder Diameter (14 Mm), Rotation Speed (1400 Rpm), Linear 
Speed (56 Mm/Min), Tilting Angle (3°) And Welding Direction (3 Passes)”. 
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Figure 19: Mapping Inspection for Similar Joint Of (AA2024-T3 with AA2024-T3) for Nugget Zone 
at the Optimum Condition “Shoulder Diameter (14 Mm), Rotation Speed (1400 Rpm), Linear Speed 
(56 Mm/Min), Tilting Angle (3°) and Welding Direction (3 Passes)”. 


CONCLUSIONS 


This work includes the using of multiple optimization method based on Taguchi method to determinethe optimized (FSW) 
process parameters for (2024-T3) aluminium alloy. This multi-response optimization method uses a ranking principle for 
the determination of (FSW) parameters. In this research, it is thereby concluded that an improvement in mechanical 
properties for friction stir welded (AA2024-T3) by using multiple optimization method based on Taguchi method. The 
results of this investigation are: the single optimization by using (Taguchi methode) showed the optimum condition for 
toughnesswere (124.1740MPa.m 1/2 ) at: shoulder diameter (14 mm), rotation speed (1400 rpm), linear speed (40 mm/min), 
tilting angle (3 degree) and welding direction (3 passes). The single optimizationforbending strength at the optimum 
condition were (7.62MPa) at: shoulder diameter (14 mm), rotation speed (1400 rpm), linear speed (56 mm/min), tilting 
angle (3 degree) and welding direction (3 passes). The multi-response optimization for (FSW) process at the optimum 
condition for toughness and bending strength were (100.78 MPa.m 172 ) and (7.68 MPa), respectively; at the parameters: 
shoulder diameter (14 mm), rotation speed (1400 rpm), linear speed (56 mm/min), tilting angle (3 degree) and welding 
direction (3 passes). The rotation speed and tilting angle are the most significant variables of the optimum outcome results 
with major influence of (34.77 %) and (35.14 %), respectively of the (FSW) process, followed by shoulder diameter with 
(25.93 %) effects on the response parameters. 

REFERENCES 

1. A. M. Eramah, M. P. Rakin, D. M. Veljic, S. Tadic, N. A. Radovic, M. Zrilic and M. M. Peroviv, “Influence of Friction Stir 
Welding Parameters on Properties of (2024-T3) Aluminium Alloy Joints”, Thermal Science, Vol. 17, No. 1, pp. S21-S27, 2013. 

2. A. A. Zainulabdeen, “Investigation of Fatigue Properties of Dissimilar Aluminum Joints by Friction Stir Welding ”, Phd 
Thesis, University of Technology/ Department of Production Engineering & Metallurgy-Iraq, 2013. 

3. R. Nunes, “Properties and Selection: Nonferrous Alloys and Special-Purpose Materials”, ASM Handbook, Vol. 2, Edition 10, 
1992. 

4. Rao, G. A., Reddy, G. C. M., & Kumar, G. S. R. Multi Response Objective Optimization of Friction Stir Welding Parameters of 
Dissimilar Metals OfAa 6061 Aluminumand Is319 Brass Joining Through Taguchi’s Method. 

5. J. M. S. AL-Murshdyand and Q. K. N. Chabuk, “Effect of Tool Shape Geometry and Rotation Speed in Friction Stir Welding of 
(2024-T3)”, The Iraqi Journal for Mechanical and Material Engineering, Vol. 16, No. 3, 2016. 


Impact Factor (JCC): 8.8746 


SCOPUS Indexed Journal 


NAAS Rating: 3.11 




Desirability Optimization of Mechanical Behavior for 
Friction Stir welded Aluminium Alloy (AA2024-T3) 


1127 


6. A. M. A. Al-Doori, “Fatigue Properties of Friction Stir Welded Aluminum Alloys ”, M. Sc Thesis, Al-Nahrain University/ 
College of Engineering, Baghdad-Iraq, 2010. 

7. N. K. Srinivasan, “Welding Technology ”, Khanna Publishers Delhi-lndia, 2008. 

8. D. Trimble, H. Mitrogiannopoulos, G. E. O’Donnell and S. McFadden, “Friction Stir Welding of (2024-T3) plate - the 
influence of different pin types”, Mechanical Sciences., Vol. 6, No. 1, pp. 51-55, 2015. 

9. Darwins, A. K., & Satheesh, M. (2017). Effect Of Friction Stir Welding Processon Mechanical Propertiesand Micro structure 
Of Ze42 Magnesium Alloy. 

10. S. A. Khodir, T. Shibayanagi and M. Naka, “Microstructure and Mechanical Properties of Friction Stir Welded (AA2024-T3) 
Aluminum Alloy”, Materials Transactions, Vol. 47, No. 1, pp. 185-193, 2006. 

11. G. Mathers, “The welding of aluminium and its alloys”, Cambridge press (CRC), 2002. 

12. Lamet, “Welding, Brazing and Soldering”, ASM Handbook, Vol. 6, 1993. 

13. M. L. Saad, “The Effect of Tool Geometry on the Strength of (AA2024-T3) of Friction Stir Welding”, M. Sc. thesis, Middle 
Technical University - Iraq, 2015. 

14. R. S. Parmar, “Welding Engineering and Technology”, Khanna Publishers Delhi-lndia, 4 th Edition, 2005. 

15. Shubhavardhan, R. N. (2015). Micro structure and Tensile Strength of Friction Stir Welding ofAl-Cu. International Journal of 
Mechanical and Production Engineering Research and Development (1JMPERD), 5(2), 41-50. 

16. S. A. N. J. Reddy, R.Sathiskumar, K. G. Kumar, S. Jerome, A V. Jebaraj, N. Arivazhagan and M. Manikandan, “Friction based 
joining process for high strength aerospace aluminium alloy”, Materials Research Express, Vol. 6, No 8, 2019. 

17. S. Verma, M. Gupta and J. P. Misra, “Optimization of process parameters in friction stir welding of armor-marine grade 
aluminium alloy using desirability approach”, Materials Research Express, Vol. 6, No. 2, 2018. 

18. M. Beaver, “Introduction to Probability and Statistics”, Cengage Learning, 4 th edition, 2013. 

19. A. K. Hussein, L. K. Abbas, J. J. Dawood, “Multiple Objective Optimization of Weld Geometry of Dissimilar Metals”, The 
Iraqi Journal for Mechanical and Material Engineering, Vol. 16, No. 4, 2016. 

20. Yunus, M. O. H. A. M. M. E. D., & Alsoufi, M. S. (2015). A statistical analysis of joint strength of dissimilar aluminium alloys 
formed by friction stir welding using taguchi design approach, anova for the optimization of process parameters. IMPACT: 
International Journal of Research in Engineering & Technology (IMPACT: 1JRET), 3(7), 63-70. 

21. A. K. Hussein, L. K. Abbas, A. K. Hameed, “Multiple Performance Optimization of Carburized Steel using Taguchi Based 
Mo ora Approach”, Engineering and Technology Journal, Vol. 36, Part A, No. 7, 2018. 

22. A. K. Hussein, L. K. Abbas, A. K. Hameed, “Effect of Carburization Parameters on Hardness of Carburized Steel Using 
MOORA Approach”, Al-Khwarizmi Engineering Journal, Vol. 14, No. 3, pp. 92-99, 2018. 

23. A. K. Hussein, L. K. Abbas, A. K. Hameed, “Investigation Corrosion and Mechanical Properties of Carburized Low Carbon 
Steel”, Engineering and Sustainable Development, Vol. 22, No. 02, pp. 8-18, 2018. 

24. D. C. Montgomery and G. C. Runger, “Applied Statistics and Probability for Engineers”, 5 th edt, John Wiley, 2012. 

25. A. K. Hussein, L. K. Abbas, J. J. Dawood and N. J. Ismael, “Modeling of Carburization Parameters Process for Low Carbon 
Steel”, Eng. & Tech. Journal, Vol. 34, Part (A), No. 6, 2016. 


www.twrc.org 


SCOPUS Indexed Journal 


editor @tjprc. org 



1128 


Dr. Abbas Kh. Hussein , Dr. Laith K. Abbas & Ahmed A. Seger 


26. Rama R. S. and Padmanabhan. G., Application ofTaguchi Methods and (ANOVA) in Optimization of Process Parameters for 
Metal Removal Rate in Electrochemical Machining of (Al/5 % SiC) Composites'’, International Journal of Engineering 
Research and Applications (1JERA), Vol. 2, No. 3, pp. 192-197, 2012. 

27. A. K. Hameed, “Multiple Response Optimizations of Carburized Steel”, M. Sc. thesis, University of Technology/ Department 
of Materials Engineering-Iraq, 2013. 

28. ASTM B 557 M-02a, "Standard Test Methods of Tension Testing Wrought and Cast Aluminum- and Magnesium-Alloy 
Products (Metric)", 2008. 

29. American Society for Testing and Materials (ASTM) “Standard Specification for Aluminum and Aluminum-Alloy Sheet and 
Plate”, ASTMB209, 1996. 


Impact Factor (JCC): 8.8746 


SCOPUS Indexed Journal 


NAAS Rating: 3.11 


